In this Letter, we report on the experimental characterization of the geometry of short-lived electronically excited states in organic solids by time-resolved x-ray diffraction. Here, the structure factor of the organic crystal is measured as a function of time. Since this technique gives complete structural information, it is a very useful tool for learning more about atom motions on the excited-state energy surface -"beyond" the broad band typical of conventional spectroscopy. Although we used molecular crystals rather than free molecules, the compounds show detectable transient structural changes on the ps to ns time scale in our study.
In this Letter, we report on the experimental characterization of the geometry of short-lived electronically excited states in organic solids by time-resolved x-ray diffraction. Here, the structure factor of the organic crystal is measured as a function of time. Since this technique gives complete structural information, it is a very useful tool for learning more about atom motions on the excited-state energy surface -"beyond" the broad band typical of conventional spectroscopy. Although we used molecular crystals rather than free molecules, the compounds show detectable transient structural changes on the ps to ns time scale in our study. Introduction.-Since the discovery of fluorescence in charge-separated systems [1] , considerable effort has been made to gain more insight into the interaction between geometrical changes and repulsive electronic effects on the excited state potential energy surface (PES). However, a disadvantage of conventional time-resolved (TR) spectroscopy is the lack of structural information. Since in these experiments the energetics of binding electrons are probed, it is impossible to deduce the atom positions during structural transitions without knowledge of the PES. Normally, the observed transient spectroscopic bands in the ultraviolet/visible range are very broad and even TR vibrational (IR) spectroscopy cannot cover the whole frequency range necessary for a complete structure determination [2] . Experimental results in ultrafast spectroscopy also raise the question whether ultrafast motions on the excited state PES can be described within the BornOppenheimer approximation [3] or whether one has to go beyond [4] .
In this Letter, we describe an experimental approach using pulsed diffraction techniques for determining picosecond structures of photosensitive organic solids, where the structure factors of a system are measured as a function of time. The first nanosecond TR diffraction experiments were carried out at the European Synchrotron Radiation Facility (ESRF) with optical light as pump and polychromatic x-ray pulses from a synchrotron as probe on photoactive proteins such as the CO complex of myoglobin [5] . Recently, the time resolution has been improved by use of a mode-locked Ti:sapphire femtosecond laser which allows TR x-ray diffraction experiments down to 60 ps [6] . The principle of the experiment is summarized in Fig. 1 , top: After photoinitiation of the reaction by a 150 fs optical laser pulse, the excited state is probed with a 100 ps x-ray pulse. By varying the delay between pump and probe, a series of snapshots of the moving structure can be taken where each shot probes the average structure (nonexcited and excited, including the dispersion of the latter) at a given time t i . Since the typical lifetime of the systems reported here is in the nanosecond range, this is equivalent to following the structural relaxation pathways during the lifetime of the excited state -on the excited state PES. Apart from the improvement of the time resolution, this new setup can also run at a high repetition frequency of 897 Hz. Thus, it is now possible to accumulate monochromatic data on an integrating detector.
In this Letter, we study TR powder diffraction of N, N-dimethylaminobenzonitrile (DMABN, C 9 H 10 N 2 , Fig. 1 ), a compound widely discussed in the literature with emphasis on relaxation mechanisms after photoexcitation [2, [7] [8] [9] [10] . It is also a special case of molecular charge transfer salt [11, 12] . Our aim was to measure the structural relaxation following photoexcitation and to test the feasibility of using this method to determine displacements at atomic resolution on a picosecond time scale. One of the main questions was as follows: Does structural relaxation take place in a crystal and, if so, what are the amplitude and time scale (see Fig. 1 , bottom)? With TR x-ray diffraction, it should be possible to distinguish between the inversion motion of the CH 3 groups around the N atom and the torsional motions of the CH 3 groups as relaxation processes on the excited state PES. Depending on the kind of motions, electronic coupling effects between the p electrons (torsion) or vibronic coupling as in NH 3 (inversion) characterize the photophysical behavior of DMABN.
Spectroscopic characterization.-From spectroscopic observations, some structural changes were expected even in light-activated DMABN crystals. Purified, recrystallized, and crushed samples were pressed in a gasket ͑sample diameter 250 mm͒ until the 30 mm thick sample became optically transparent. The excitation and fluorescence spectra of the samples were recorded in the excitation/fluorescence mode of a commercial spectrometer (SPEX Fluorolog III, Jobin-Yvon). The spectra were found to be identical with published ones [13] . The biexponential fluorescence lifetimes of t 1 1.71 ns and t 2 0.53 ns at l emi 345 nm were also observed [14] . In the present work, the lifetime of the excited state of DMABN crystals was determined to t f 1.9 ns (at FIG. 1. Top: principle of TR x-ray diffraction on the excitedstate PES of DMABN crystals. Bottom: the intramolecular degrees of freedom, which contribute to the relaxation process (inversion q inv and torsion f tors ). C atoms of the phenyl moiety are given as open, N atoms as black, and the amino C as grey circles. Note that the H atoms are not shown, since they do not contribute to the x-ray diffraction signal.
l emi 375 nm) by using a photon-counting instrument (Edinburgh Instruments, N 2 source with l exc 337 nm, 500 ps resolution).
Data processing and structural refinement.-The data were collected on the ID09-TR beam line at the ESRF. A mode-locked Ti:sapphire laser [pulse width (laser)
150 fs] runs synchronously with single pulses of x rays. A synchronized chopper was used to select the single x-ray pulses from the 16 bunches filling the storage ring [pulse width ͑x ray͒ 100 ps, focus 200 3 200 mm 2 , flux on the sample 8 3 10 7 photons͞s. The polychromatic beam was produced by a 162 pole undulator with a 20 mm magnetic period ͑K 0.273͒. The experiment used a monochromatic x-ray probe beam at 16.5 keV ͑l x ray 0.753 Å͒ selected by a Si 111 monochromator.
High-resolution data sets were recorded using an image plate [size 354 3 432 mm 2 , pixel size 100 3 100 mm 2 , distance (sample detector) 400 mm, exposure time 1500 s]. Further data sets were collected with an image-intensified Princeton CCD camera [size 124 3 115 mm 2 , pixel size 120 3 120 mm 2 , distance ͑sample detector͒ 80 150 mm, exposure time 1200 s]. On the goniometer, the x-ray intensity of the direct beam was measured with a PIN diode before and after the measurement. During the measurement, the decay of the storage ring current was monitored on-line. Later, the collected spectra were intensity corrected. The pump wavelength was l exc 267 nm (generated by frequency tripling, average power 25 30 mJ, focus 250 mm). The laser power of the direct beam was determined before and after every measurement and on-line monitored on a backscattered signal of a laser mirror. With 267 nm, DMABN was excited in the area of the highly vibrationally excited S 1 and the S 2 state. t 0 was roughly set by using a fast Si avalange diode and double checked by monitoring the temporal change in the diffraction amplitudes of the sample. The accuracy of the time zero calibration was 30 ps, determined by the response function of the detector and its oscilloscope. The repetition frequency of the experiment was 897 Hz. The absorbed optical photons were partially emitted (with a fluorescence quantum yield of F f 0.3) but also phonon-assisted emission at l emi 702 nm was observed. The overall heating of the sample could be determined from the 2Q shift of the Bragg peak maxima to DT 2 K. The laser and x-ray beams hit the sample in a quasiparallel configuration which gives the biggest overlap between pump and probe volume (see also [6] ). The experiments were carried out at T 298 K.
The collected powder patterns were integrated using the program FIT2D [15] . Subtracting the radial diffraction intensity between the (partially) excited and nonexcited state, one obtains -after suitable normalization -the intensity of the photoexcited state. Note that nonexcited unit cells do not contribute to the difference signal. Because of the reversible nature of the photoreaction, the nonexcited data could be taken at t i , 0 where the laser arrived just before the x rays. Figure 2 , top, shows the difference pattern I ͑Q, t 80 ps͒ 2 I͑Q, t 2240 ps͒. The t 2240 ps pattern contains the ground state p1. After laser excitation ͑t 80 ps͒, the diffraction signal contains a mixture of ground state p1 and excited state p2. Figure 2 , bottom, shows the change of the integrated Bragg peak intensities as a function of time. The Bragg reflections are marked by their Miller indices. The intensity change ranged between 1 ͑60.5͒ 10 ͑60.5͒% of the total signal.
The structures were refined applying the Rietveld method (program package GSAS [16] ). The powder data were analyzed in a biphasic model ͑ p1͞p2͒ keeping the phenylic moieties as rigid entities (rigid body approach [17] ). The parameters of p1 were determined by the [ refinement of the t i , 0 structures. p1 is essentially the heated ground state structure [13, 18] . The t i . 0 structures were refined in p2 assuming a statistical distribution of the photoexcited molecules in the lattice. p1 acted as reference and was kept constant during analysis. In p2, the translational and rotational degrees of freedom (DOF) of the rigid body and the two intramolecular DOF, inversion and torsion (Fig. 1, bottom) , were calculated and refined until a minimum in the least-square fit was reached. The quality of the least-square fits and the validity of the refined structure was expressed by the R factor which is defined by R 2 F SjI o 2 I c j͞SI o (I o observed intensity at given Bragg angle, I c calculated intensity). The remaining intramolecular DOF (especially the benzonitrileand N, N-dimethylamino moieties) were kept fixed during the refinements (for this widely used approach, see [19] ). Based on the knowledge obtained, in particular, from TR-IR measurements [2] , this assumption is reasonable since the distortions of the phenyl moiety in the singlet excited state as well as the distortions of the CN moiety were found to be negligibly small and not the driving forces of the photophysics of DMABN [2, 20] . Since small distortions occur normally on extremely fast time scales, nuclear displacements of the benzonitrile moiety are to be expected on a femtosecond time scale and can therefore not be resolved in the experiment presented in this Letter. 450-500 observations were used and refined to the 12 structural DOF (four for the monoclinic unit cell, six for the rigid body molecule, and two for the molecular distortion).
The occupancies of p1 and p2 were also refined indicating the yield of photoexcited species compared to the ground-state species. For small t, the refined occupancies of p2, the photoexcited state, range from 28% to 32% and agree with the estimated excitation yield from spectroscopic data (25%-30%). However, the structural differences between p1 and p2 diminish for time points t i . 800 ps leading to refined occupancies which might be meaningless.
DMABN crystallizes in a monoclinic space group P 2 1 ͞c ͑Z 4͒ [13, 18] . The unit cell parameter was allowed to vary to compensate for small variations in the sample-to-detector distance [a 6.304 ͑65͒ Å, b 7.941 ͑63͒ Å, c 17.233 ͑65͒ Å, and b 91.55
. A preferred orientation of the powder sample was excluded by comparing the intensity distribution of the various Bragg peaks and powder samples in rotated capillaries (where the microcrystals are assumed to be randomly orientated). No radiation damage -such as the increase of amorphous background or the gradual decrease of diffraction amplitudes -was observed.
Discussion.-The results of the experiments and the refinements are summarized in Table I . For t i , 0 ps, the averaged inversion angle was found to be ͗q inv ͘ 13 ͑61͒ ± . After the absorption of an optical photon, the system is excited into the repulsive part of the PES of the excited state. Here, the structure reorganizes quickly from ͗q inv ͘ 13 ͑61͒
± to ͗q inv ͘ 3 ͑61͒ ± bringing the system into a quasiplanar configuration (Table I, Fig. 3) . Moreover, the CH 3 groups are rotated out of the benzylic plane: The averaged torsional angle increases from ͗f tors ͘ 0 ͑61͒ ± to ͗f tors ͘ 10 ͑61͒ ± . If one compares ͗q inv ͘ and ͗f tors ͘ of the excited state in Table I with the known high-and low-temperature structures [13, 18] , the photoexcited structures resemble the low-temperature structure. This means that, during photoexcitation, DMABN "cools down" in terms of the structure, whereas the "structural cooling" is transient and nondissipative and concerns only the photoexcited molecules in the crystal (in contrast to [21] ). However, the results can also be interpreted vice versa: It might be that the observed relaxation process is an effect of a complex coupling between the electronic and vibrational states, where the relaxation pathway of the electronically excited DMABN occurs via phonon scattering, which is shown in the distortion of the molecule. However, taking the size of the grains into account (about 5 mm 3 ), this effect is expected in 10-20 ns (further experiments and discussions will be given in [22] ). Figure 3 shows the time dependence of ͗f tors ͘. The relaxation time t relax 520 ps is shorter than the electronic lifetime of the excited state of DMABN (t f 1.9 ns, this Letter and [14] ). A more complex data analysis concerns the variation of the intermolecular parameters and will be presented in [22] .
Summary.-In this Letter, we have reported on the structural characterization of ultrashort-lived organic crystals and their excited state geometry. Since these experiments require a high x-ray flux, the experiments were carried out using femtosecond laser pump and picosecond x-ray-probe pulses generated by a synchrotron of the third generation (ID09-TR at the ESRF in Grenoble). Though the work was done in crystals, on the picosecond to nanosecond time scale, the compounds showed transient structural changes which could be characterized by an ensemble of geometrical rearrangements during the relaxation processes. In DMABN, the excited state geometry is similar to the low-temperature structure. Interactions between the electronic and (intermolecular) vibrational states may also play a role as driving forces.
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